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ABSTRACT 7 
The application pattern for single, stationary spray sprinklers exposed to the wind was 8 
modelled to simulate water application in a centre pivot irrigated field. In the model, a 9 
dynamic square grid of cells for water application and a static square grid of cells for 10 
water collection were defined. The dynamic grid contained the information on the 11 
water application pattern of an isolated spray sprinkler, and this followed the motion 12 
of the centre pivot lateral. The static grid represented the entire the field, and received 13 
water from the dynamic grid at fixed time intervals. Model outputs included the 14 
applied water distribution pattern and measures of irrigation uniformity (radial, 15 
travelling path and global). A series of experiments using pivoted and single spray 16 
sprinklers were conducted simultaneously. The results from the model compared well 17 
with field observations. The resulting root mean square errors for the Heermann and 18 
Hein uniformity coefficient and the average applied water depth were 0.02 % and 19 
0.08 mm, respectively. Model simulations were carried out to illustrate the effect of 20 
wind on irrigation uniformity.  21 
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NOMENCLATURE 24 
cCU  Christiansen uniformity coefficient, %; 25 
HCU  Heermann and Hein uniformity coefficient, %; 26 
 d collected water depth, mm; 27 
id  collected water depth at the i
th collector, mm; 28 
d  arithmetic average of the collected water depth, mm; 29 
wd  weighted average of the collected water depth, mm; 30 
i average water application intensity, mm s-1; 31 
I applied water depth, mm; 32 
n  number of collectors; 33 
2R  coefficient of determination, %; 34 
iS  distance from the pivot point to the i
th collector, m; 35 
T  duration of the experiment(s), s; 36 
st  time of dynamic cell passage, s; 37 
WDEL wind drift and evaporation losses, %; 38 
X row of collectors; 39 
Y  row of collectors; 40 
W  row of collectors; and 41 
Z  row of collectors. 42 
 4
1. INTRODUCTION 43 
Water is the main yield-determining factor in the majority of agricultural systems. 44 
Irrigation systems help growers manage weather related risks by effectively 45 
supplementing rainfall (Perry et al. 2002). To sustain agricultural production in the 46 
coming years, it is important to optimise irrigation systems, adjusting water 47 
application to crop water requirements. This will help protect both the quantitative 48 
and qualitative aspects of water conservation. Centre pivots are an interesting 49 
technological option for irrigation, since their performance can be very high 50 
(Clemmens and Dedrick, 1994).  51 
Centre pivots are commonly used in modern irrigation developments all over the 52 
world (Faci et al. 2001, Evans et al. 1993). Consequently, it is important to 53 
characterise the relevance of several design and management factors affecting the 54 
efficiency and uniformity of these machines (Montero et al. 2003). Quality control for 55 
centre pivot irrigation involves measuring the levels of irrigation precipitation under 56 
the machine (Bremond and Molle, 1995). Centre pivot simulation models have been 57 
used to improve the design of new systems and to modify existing systems with the 58 
view of improving irrigation performance. 59 
The simulation of centre pivot performance has been the subject of a series of 60 
research efforts since the 1960s. Bittinger and Logenbaugh (1962) simulated 61 
precipitation under centre pivots with the objective of defining the optimal sprinkler 62 
spacing in order to obtain uniform water distribution. They developed an analytical 63 
model of precipitation under a sprinkler assuming that its water application pattern 64 
was either triangular or elliptical. The model was based on the additional hypotheses 65 
of continuous movement and linear or circular sprinkler trajectory. They estimated the 66 
irrigation depth by moving the water application pattern at the same velocity of 67 
sprinkler movement on the pivot lateral. Heermann and Hein (1968) continued this 68 
line of research by taking into account the overlapping effect of neighbouring 69 
sprinklers, and introduced the uniformity coefficient that bears their name. This led to 70 
the introduction of the CPED (centre pivot evaluation and design) software package 71 
(Heermann and Stahl, 2004). CPED input data included sprinkler positions on the 72 
lateral, discharge, radial application pattern and time of system revolution. Triangular, 73 
elliptical and toroidal application patterns were assumed for single nozzle, dual nozzle 74 
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impact sprinklers and spray sprinklers, respectively. Model output included the 75 
applied water depth as a function of radial distance from the pivot point, application 76 
intensity under the lateral and a uniformity coefficient. Wind effects were not 77 
considered in the model. Evans et al. (1993) developed the CPIM (centre pivot 78 
irrigation model) software for water and/or water-nitrate distribution analyses from 79 
centre pivots. Their model used an empirical equation relating the water application 80 
pattern in the absence of wind to supply pressure. The CPIM software overlapped 81 
individual water application patterns and represented water application over the 82 
irrigated field. Bremond and Molle (1995) developed a model for the simulation of 83 
water application under centre pivots, focusing on irrigation uniformity. The basic 84 
model input was the sprinkler application pattern, obtained from field experiments. 85 
The overlap between sprinklers and the estimated water application as a function of 86 
machine speed were determined numerically.  87 
The above-mentioned models used one-dimensional, geometrical water application 88 
profiles for simulation purposes. This can lead to significant errors since water 89 
application patterns are not always adequately reproduced by a simple geometrical 90 
shape, and even light winds can produce asymmetric water application patterns. 91 
Consequently, models were required where water application related to more than just 92 
distance from the sprinkler. 93 
In a direct precedent to the present work, Omary and Sumner (2001) developed a 94 
model to simulate water application and irrigation uniformity resulting from 95 
overlapping spray nozzles mounted on a centre pivot. Building on a previous effort 96 
(Omary et al. 1997), their objective was to simulate water application resulting from a 97 
moving spray sprinkler using the stationary water application pattern as the main 98 
input data. The area under a single spray sprinkler during its movement on a centre 99 
pivot was discretized using two regular grids. One grid represented water application 100 
(the sprinkler application pattern), whilst the other represented water collection (the 101 
soil surface). The grid representing the single spray sprinkler moved along the pivot 102 
trajectory, whilst the grid representing the soil was stationary. Taking into account 103 
precipitation intensity in each cell of the moving grid, and its time to pass over the 104 
fixed grid, water application distribution in the fixed grid was determined. Following 105 
the simulation of water application from all spray nozzles, a uniformity coefficient 106 
was calculated (Omary and Sumner, 2001). The authors used a moving grid that 107 
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included experimentally determined application intensities, rather than simple 108 
geometric water application patterns. However, the model included simplifications, 109 
such as assuming a linear movement of the spray sprinklers (as if the pivot lateral was 110 
a linear-moving machine). This assumption can lead to significant errors, particularly 111 
near the pivot point. On the other hand, it simplified model design, since each cell of 112 
the moving grid applied water over only one line of cells in the fixed grid.  113 
Considering a fixed water application pattern for the whole system operation time 114 
may also result in poor model performance since wind speed and direction may 115 
significantly vary during pivot irrigation varying the pattern. Thus, the use of wind 116 
dependent, variable, two-dimensional sprinkler application patterns appear to be 117 
required in order to produce accurate simulation models. 118 
The main objective of this research was to develop an improved model of water 119 
application by centre pivot spray sprinklers. The model was designed to improve on 120 
previous efforts by; 1) taking into account wind effects; 2) considering the real 121 
circular path of the spray nozzles in their rotation around the pivot point; 3) 122 
characterising the water application pattern as a grid of observed irrigation depths, and 123 
rotating this application pattern during pivot rotation; and 4) changing the water 124 
application pattern with wind speed and direction. In this paper, the model is 125 
formulated, validated and applied to the simulation of a case study. 126 
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2. MODEL DEVELOPMENT 127 
2.1 Building and moving grids for spray sprinkler application pattern  128 
In the model, the water application pattern of a stationary, isolated spray sprinkler is 129 
used to calculate the water depth applied when mounted on a centre pivot. For 130 
modelling purposes, the entire field covered by the centre pivot system is divided into 131 
square cells to produce a static grid.  132 
A second dynamic grid, composed of regular cells, represents the water application 133 
pattern resulting from a single spray sprinkler. In this grid, the water application rate 134 
can be determined in each cell as: 135 
T
Ii   [1] 136 
Where i is the average water application intensity (mm s-1), I  is the applied water 137 
depth (mm); and T  is the duration of the experiment (s). This grid moves reproducing 138 
the movement of the spray sprinkler on the centre pivot lateral. In the model, the 139 
dimensions of the square static and dynamic grids must be equal in size. As the 140 
dynamic grid passes over the static grid, the water applied by each dynamic cell is 141 
transferred into to some of the static cells. The water depth collected in each static cell 142 
is the sum of the water received from all the dynamic components passing over during 143 
a time interval. If the time of passage (i.e. water application opportunity) is st  (s), the 144 
water depth received in a specific static cell from each dynamic cell is: 145 
itd s        [2] 146 
where d  (mm) is the received water depth. 147 
Water application opportunity is not uniform for all static cells because during the 148 
passage of a dynamic cell over a static cell, non-complete overlapping can occur. 149 
Under these circumstances, each dynamic cell applies water to more than one static 150 
cell at the same time.  151 
The dynamic grid of each spray nozzle is fixed with respect to the spray sprinkler; it 152 
does not rotate. Even if nozzle pressure and elevation are kept constant during pivot 153 
irrigation, the water application pattern is affected by the temporal changes in wind 154 
velocity and direction that occur during the irrigation event. The spatial variability of 155 
wind velocity and direction were neglected in the model because they were 156 
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considered to have little relevance over the complete domain of an irrigated field. 157 
Consequently, the sprinkler water application pattern was considered independent of 158 
the azimuth of the pivot machine (Fig. 1).  159 
In order to prevent the rotation of the dynamic grid during the evolution of the model, 160 
the circular path of each dynamic cell must be kept separate. Particular attention must 161 
be paid to this point, since during rotation the relative position of the cells with 162 
respect to the pivot point changes. However, the dynamic grid remains fixed in 163 
relation to the spray sprinkler. This feature is schematically presented for the paths of 164 
three cells in Fig. 1. For a given sprinkler the radius of all circular paths of the 165 
dynamic components is the same, but the trajectories cross at particular points. At 166 
these points, the model accumulates water from all passing cells. 167 
2.2 Dividing water application into static cells 168 
Assuming that one axis of both grids is orientated to the North, and that the starting 169 
point for the movement of the grid system is at 0º (i.e., North). Under these 170 
conditions, dynamic and static grid cells will be full overlapped at 0, 90, 180 and 171 
270º. This means that each dynamic cell completely covers one static cell. However, 172 
because the movement is circular, full overlap will not occur at any other angle, and 173 
the dynamic cells will find their applied water divided among four static cells. In this 174 
model, the division among static cells was based on the area covered in each static 175 
cell by the moving cell during each time step (Fig. 2).  176 
The time step in the model was kept constant at 1 s. During this time, the water 177 
application of each dynamic cell was divided into the covered static cells. Since the 178 
pivot travelling speed and the position of the dynamic cells was known, the dynamic 179 
grid was shifted to its new position corresponding to 1 s displacement, and water 180 
application was divided and assigned to the static cells. Newly received water depths 181 
were accumulated to previous water depths. This process was repeated until the pivot 182 
returned to its original position. Once the process was completed, the dynamic grid of 183 
a given spray sprinkler described a complete circular trajectory over the whole field 184 
area.  185 
2.3 Variability in time of the water application pattern 186 
Even if the operating pressure and sprinkler elevation are kept constant, the water 187 
application patterns change in time responding to changes in wind velocity and 188 
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direction. Using one application pattern for each spray sprinkler during the time of 189 
pivot operation may cause errors in the simulated water application pattern. This is 190 
particularly important since the time required for a pivot to perform a complete 191 
rotation is about one day. During this time, wind conditions may be subjected to 192 
relevant changes. In the model, the water application time of each spray sprinkler can 193 
be varied in time. 194 
2.4 Overlapping the pattern of each spray sprinkler 195 
The revolution of a single water application pattern produced by a sprinkler creates a 196 
circular distribution pattern of water application over the static grid. Once this process 197 
is completed, it is repeated for the next spray sprinkler along the pivot lateral. 198 
Considering the typical wetted diameter of a single spray sprinkler, and the typical 199 
sprinkler spacing along the centre pivot lateral, overlapping is quite important, since 200 
most static cells receive water from two or more spray sprinklers.  201 
2.5 Estimating radial, travelling path and global irrigation uniformities 202 
Because of the radial geometry of pivot irrigation, evaluation processes haved often 203 
relied on radial measurements of water application, which has led to the development 204 
of area-weighed radial uniformity coefficients (Merriam and Keller, 1978). According 205 
to ASAE S436.1 (Anon. 1996), the modified Heermann and Hein (1986) weighted 206 
equation is often used for this purpose: 207 
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where HCU  is the Heermann and Hein uniformity coefficient, iS  is the distance from 209 
the pivot point to the i th collector, id is the collected water depth in the i
th collector, 210 
n  is the number of collectors, and wd  is the weighted average of collected water 211 
amounts, calculated by:  212 
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The circular movement of the pivot lateral permits to define an additional uniformity 214 
coefficient; the travelling path uniformity, which evaluates irrigation uniformity along 215 
the circular path of a given radial distance from the pivot point. Rigorous 216 
implementation of this concept in the proposed model was carried out by 1) moving 217 
the dynamic grid over the static grid; 2) changing the dynamic grid direction with 218 
respect to the pivot of the lateral; and 3) crossing of the dynamic cell paths during 219 
their revolution. In order to illustrate these features, for a given travelling path the 220 
contribution of different dynamic grid cells to water collected in collectors m and p is 221 
shown in Fig. 3. While collector m receives water from cells a, b and c, collector p 222 
receives water from cells d, b and e. This may produce differences in uniformity 223 
under windy conditions. Since all static grid cells have the same area, the Christiansen 224 
uniformity coefficient (Keller and Bliesner, 1990) can be used for determining 225 
travelling path uniformity: 226 
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Where cCU  is the Christiansen uniformity coefficient and d  is the arithmetic 228 
average of the water collected. The set of n cells consists of all static cells located in 229 
the circular path of a pivot lateral point. 230 
Radial and travelling path uniformities represent different phenomena. Radial 231 
uniformity results from all spray sprinklers mounted on the lateral. Travelling path 232 
uniformity comes from a limited number of spray nozzles overlapping at a certain 233 
point along the lateral. The most complete approximation to pivot irrigation 234 
uniformity derives from the analysis of the whole set of irrigated static cells (i.e., 235 
global uniformity). In this model, the proposed formulation relies on a cartesian 236 
coordinate system, where water application is estimated in a number of cells having 237 
the same area. Consequently, non-weighted uniformity coefficient equations can be 238 
used. The model uses the Christiansen uniformity coefficient for this purpose, applied 239 
to all non-zero water depth values in the static grid.  240 
2.6 Wind drift and evaporation losses 241 
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Wind drift and evaporation losses (WDEL) constitute major water sinks in sprinkler 242 
irrigation. The proposed model uses experimental isolated spray sprinkler patterns to 243 
simulate pivot irrigation over a field. Water losses are properly taken into account if 244 
the isolated spray sprinkler experiment is used to simulate a pivot irrigation event 245 
carried out under the same wind conditions as in the field experiment. 246 
2.7 Computer programming 247 
The software code was developed using the MATLAB software (The Mathworks Inc, 248 
MA, USA).  MATLAB has capabilities for matrix calculations, therefore the static 249 
and dynamic grids were defined as square matrixes whose elements corresponded to 250 
water depth in the grid cells. The initial condition for the static grid was zero depth in 251 
all elements. The elements of the dynamic matrix store non-zero values, except for the 252 
corner areas. During model execution, static matrix elements changed to non-zero 253 
numbers, except for the corner areas.  254 
Model input data included: 255 
 the irrigation lateral length; 256 
 the grids dimensions and spacing;  257 
 the duration of the experiment; 258 
 the distribution of spray sprinklers along the pivot lateral; nozzle diameters 259 
and distances from the pivot point; 260 
 the timer percentage (time for one complete revolution); 261 
 the time of change in water application patterns (following changes in wind 262 
speed and direction), along with the identification of each successive pattern; 263 
and  264 
 the experimental water application patterns, selected from a database including 265 
different models of spay sprinklers, nozzle diameters, operating pressures, 266 
sprinkler elevations and wind speeds. 267 
Model outputs include collected water depth in all static cells and the global 268 
uniformity coefficient. Radial and travelling path uniformities could also be specified 269 
by the user. 270 
 271 
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3. FIELD EXPERIMENTS 272 
A series of experiments were performed to determine the water application pattern of 273 
single sprinklers under different wind conditions. The same sprinklers were installed 274 
on a centre pivot lateral. Experiments were performed on both configurations at the 275 
same time, recording water application using different collector arrangements. The 276 
experiments were carried out at the experimental irrigation farm of the University of 277 
Tabriz, Iran. A centre pivot and an adjacent area were used for the experiments. Two 278 
spray sprinklers, Nelson R3000 and Senninger LDN were selected for the 279 
experiments. These sprinklers used a rotating red plate (R3000) and a fixed black 280 
plate (LDN). Nozzle diameters were 4.76 mm for the Nelson R3000, and 8.73 mm for 281 
the Senninger LDN. The arrangement of collectors followed the ASAE S436.1 282 
standard, as described in the following paragraphs. 283 
In the pivot experiments, four rows of 30 collectors were located at 1.25 m spacing 284 
along the pivot radius (covering a total length of 38.75 m each) and used to determine 285 
applied water depth. Collectors were cylindrical in shape, and 0.12 m in height and 286 
diameter. In order to evaluate the model predictive capacity, two pairs of collector 287 
rows were set up; one in the eastern part of the field and the other in the southern part 288 
of the field. The layout of the collectors in the pivot irrigated area is shown in Fig. 4.  289 
Each pair of collector sets was installed in a different pivot span. The X-Y and W-Z 290 
collector rows were installed under the second and third spans, respectively. The use 291 
of two different spans made the experiment more representative. In each experiment, 292 
10 spray sprinklers were installed on the centre pivot second or third spans, and the 293 
pivot was stopped at a suitable distance from the collector rows. The nozzle size of all 294 
sprinklers was same. The experiments were conducted for model validation and 295 
calibration, and were not intended to reproduce performance of a real irrigation 296 
machine. Different nozzle sizes are typically used along laterals of commercial centre 297 
pivots. 298 
In order to characterise the isolated spray sprinklers, a 50 x 50 m2 field adjacent to a 299 
centre pivot was used. A regular, square array of 21 x 21 collectors, with a spacing of 300 
1.25 m was established (Fig. 5a). An isolated sprinkler nozzle was mounted on a 301 
metal frame in the centre of the collector array (Fig. 5b).  302 
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The ASAE S330.1 standard (Anon 1996) was considered in the design of single spray 303 
sprinkler experiments. A portable weather station was installed at the experimental 304 
site, and wind velocity and direction were recorded in 10 min intervals. Pressure 305 
regulators are a common solution to avoid variations in operating pressure. Perry and 306 
Pocknee (2001) and Faci et al. (2001) reported using pressure regulators for 307 
sprinklers. Two types of pressure regulators were used in this research; 138 kPa and 308 
103 kPa. At these pressures, the discharge of the experimental nozzles was: 1) for the 309 
Nelson R3000 (4.76 mm in diameter) 0.28 and 0.24 l s-1, respectively; and 2) for the 310 
Senninger LDN (8.73 mm in diameter) 0.90 and 0.77 l s-1, respectively. Nozzle 311 
heights of 1.80 and 2.25 m above the soil surface were used. 312 
In each experiment, the centre pivot was started and, as soon as the first droplets 313 
reached the collectors, the pump feeding the single spray sprinkler was started. The 314 
pump to the single sprinkler was stopped as soon as the pivot ceased applying water to 315 
the collectors. This procedure ensured that the same wind conditions applied to both 316 
systems. The collectors located near the pivot point received water before the 317 
collectors located on the other side of the row. Therefore, the collectors located at the 318 
middle of the row constituted the reference for the pump to start and stop. As soon as 319 
the experiments ended, the collected water volumes were measured.  320 
Spans not included in the experiments used different types of sprinklers. In order to 321 
remove the effect of neighbouring spans on the experiments, some of the outlets 322 
located in adjacent pivot spans were plugged. Therefore, a decline in water 323 
application was observed at both sides of the experimental span. Experimental and 324 
simulated water depths in collectors installed in the first and last 3 m sections of the 325 
pivot span were not used in the uniformity calculations. 326 
 327 
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4. MODEL VALIDATION 328 
The experiments reported in this paper concerned two spray sprinkler models, two 329 
pressures, two nozzle elevations and two pivot spans. Therefore, there were 16 330 
different experimental conditions. Also, experiments were repeated in order to obtain 331 
data under different wind conditions, giving a total of 34 experiments. The 332 
experimental data on water application patterns was introduced into the model, and 333 
the pivot experiments were computer simulated. As previously explained, the model 334 
did not require the use of an area weighed uniformity equation. However, the 335 
observed water application data are distributed along the pivot radius. Consequently, 336 
the modified Heermann and Hein radial uniformity coefficient was used for 337 
comparison purposes.  338 
Observed and simulated uniformity and water application are compared in Table 1, 339 
where results are presented for each sprinkler, operating pressure, pivot span and 340 
nozzle elevation, and for the average of the experimental wind conditions. The 341 
average experimental wind speed was 2.93 m s-1, ranging between 0.55 and 342 
5.43 m s-1. The model proved accurate in predicting both HCU  and the average 343 
applied water depth, with mean absolute errors of 1.38 % and 1.13 mm, and root mean 344 
square errors of 0.02 % and 0.08 mm. A regression analysis was performed between 345 
the 34 observed and simulated values of irrigation uniformity. The regression model 346 
was: 347 
908.0;436.0013.1 2  RCUCU ObservedHSimulatedH  [6] 348 
Where R2 is the coefficient of determination. The regression model resulted 349 
significant at a probability level of 95%. The regression coefficients could not be 350 
distinguished from those corresponding to a 1:1 regression line.  351 
It can be concluded from Table 1 that increasing pressure or nozzle elevation often 352 
results in increased uniformity. Additionally, the rotating plate Nelson R3000 spray 353 
sprinkler produced more uniform water distribution than the fixed plate Senninger 354 
LDN spray nozzle. Although different nozzle diameters were used, similar results 355 
were reported by Faci et al. (2001) using standard conditions. Because of the larger 356 
nozzle diameter and higher discharge, under the same experimental conditions the 357 
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applied water depths from the Senninger LDN sprinklers were higher than those 358 
resulting from Nelson R3000 sprinklers. 359 
As a further illustration of model validation, Fig. 6 presents experimental observations 360 
and model simulated results for water application corresponding to the Nelson R3000 361 
sprinkler, at an operating pressure of 138 kPa, an elevation of 1.80 m, a wind speed of 362 
1.8 m s-1 and a wind direction of 146º. Experimental data were obtained at the Z row, 363 
under the 3rd pivot span. Fig. 6 shows close agreement in applied water along the 364 
pivot span. The decline in water application depth at both ends of the experimental 365 
pivot span is shown in the figure. 366 
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5. MODEL APPLICATION 367 
A case study was devised to demonstrate the model capacity to simulate uniformity 368 
using experimental data. Three water application patterns obtained for Senninger 369 
LDN spray sprinklers operating at 103 kPa and installed at a nozzle elevation of 370 
2.25 m were used for input. These experiments were performed under the following 371 
wind speeds and directions: a) 3.3 m s-1 and 311º; b) 4.9 m s-1 and 342º; and c) 372 
4.1 m s-1 and 59º.  373 
The model was run counter clockwise from a starting angle of 90º, completing a full 374 
revolution in 21.3 h. In the first three runs, the wind patterns corresponded to cases a, 375 
b and c, respectively. The simulation was performed for the 2nd pivot span (from 37.8 376 
to 71.6 m from the pivot point). Only one nozzle diameter was used in the span 377 
length. Fig. 7, subfigures a, b and c present the simulated water application (mm) 378 
corresponding to the travelling path of a point located a distance of 52.5 m from the 379 
pivot point. The total length of the travelling path at that radius was 329.9 m. The 380 
subfigures show large variability in water application with travelling path resulting 381 
from the overlapping of individual sprinklers. In the reported simulations, variability 382 
was amplified by wind speed, with uniformity decreasing as wind speed increased. 383 
Travelling path CUc ranged from 85.5 to 87.2 %, while global CUc ranged from 77.6 384 
to 81.3 % (Table 2).  385 
Finally, the model was run for a time of 7.1 h (120º) in each wind condition (a, b or 386 
c), to complete a full revolution in the same total time. This simulation represents the 387 
case of wind varying in speed and direction during the irrigation time. A travelling 388 
path length of 110.0 m corresponded to each of the water application patterns. The 389 
simulated travelling path water application (mm) is presented in Fig. 7, subfigure 390 
labelled a+b+c. The radial uniformity resulting from the irrigation event was 391 
computed at angles 30, 270 and 150º, with respective values of 74.9, 72.2 and 73.6 %. 392 
These results show the effect of changing wind speed and pivot overlapping in the 393 
case study. The travelling path uniformity amounted to 87.9, 85.1 and 86.4 %, for 394 
sectors a, b and c, respectively. The overall travelling path uniformity was 85.4 %. 395 
Finally, the global uniformity of the circular pattern irrigated by the simulated pivot 396 
span was 79.1 % (Table 2). The uniformity resulting from this simulation case was 397 
similar to the average values of cases a, b and c. However, using time varying wind 398 
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speed, more realistic predictions of water application in different parts of the pivot-399 
irrigated area are produced.  400 
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6. SUMMARY AND CONCLUSIONS   401 
A new model of pivot irrigation has been developed. The model is based on the 402 
displacement of a moving grid representing each spray sprinkler moving over a static 403 
grid. Grid displacement produces circular paths for each of the grid cells. The analysis 404 
of the intersecting paths of the dynamic cells during their rotation around the pivot 405 
point led to a new concept in pivot irrigation modelling. It was shown that that 406 
uniform water application along a centre pivot lateral does not fully guarantee the 407 
uniformity of water distribution at the field level. The model was formulated in a 408 
software package that is capable of estimating the uniformity resulting from a full 409 
pivot revolution. 410 
Comparisons between experimental observations and model simulations revealed that 411 
the model can accurately predict radial irrigation uniformity and water application 412 
along the centre pivot. The model simulation accuracy was high for both types of 413 
spray sprinkler (rotating and fixed plate). Differences in model accuracy owing to 414 
different sprinklers were not significant. Nozzle elevation, operating pressure, 415 
machine position respect to the dominant winds, and centre pivot span did not appear 416 
to influence model accuracy either. The model can therefore be further developed to 417 
provide a useful tool for centre pivot design and management. Model application 418 
provided insight into the importance of considering temporal variability of wind 419 
during irrigation. Although the model was developed and validated for centre pivots, 420 
it could be readily used for linear moving systems, which constitute a simplification 421 
of the simulation approach adopted. The most innovative aspect of the proposed 422 
model is that water application can be determined at any point of the irrigated field 423 
(via the static matrix).  424 
Commercial pivot irrigation laterals use a wide variety of sprinkler nozzle sizes in 425 
order to produce uniform water application. The model needs additional work in order 426 
to be able to simulate pivot irrigation in full detail. A particular research line will be 427 
devoted to optimising the distribution of nozzle sizes in order to maximize global 428 
uniformity. The research reported here constitutes the introduction and validation of a 429 
new modelling approach. Experimental work is underway to obtain the water 430 
application patterns characteristic of a centre pivot under varying conditions of nozzle 431 
size, wind speed, operating pressure and nozzle elevation. Such data is required to 432 
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perform complete centre pivot irrigation simulations. Extending the recent efforts in 433 
ballistic simulation of impact sprinklers (Carrión et al. 2001; Montero et al. 2001; 434 
Playán et al. 2006) to centre pivot spray sprinklers will surely extend the prediction of 435 
water application patterns in the presence of wind to untested values of some of the 436 
major governing variables.  437 
 438 
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Table 1.  522 
 523 
 524 
Wind Average applied water depth (mm)* 
Uniformity Coefficient 
CUH (%) Spray sprinkler 
Pressure 
regulator 
(kPa) 
Span  
number 
Nozzle 
elevation 
(m) speed (m s-1) 
direction 
(º) observed simulated observed simulated 
Nelson R3000 138 3 1.80 1.13 146 11.49 10.48 85.3 86.1 
Nelson R3000 138 3 1.80 3.37 161 10.13 9.78 81.4 82.8 
Nelson R3000 138 3 1.80 5.43 210 8.23 8.06 78.2 77.7 
Nelson R3000 138 3 2.25 0.65 150 6.70 9.23 87.7 88.3 
Nelson R3000 138 3 2.25 2.82 124 8.94 7.67 80.5 82.9 
Nelson R3000 138 2 1.80 0.55 154 14.91 15.09 86.8 84.2 
Nelson R3000 138 2 1.80 4.35 330 12.84 11.98 74.4 76.1 
Nelson R3000 138 2 1.80 1.77 345 10.56 11.75 82.7 81.2 
Nelson R3000 138 2 2.25 2.97 175 10.39 9.70 84.5 .085 
Nelson R3000 138 2 2.25 04.8 191 6.51 5.96 81.9 82.2 
Nelson R3000 103 3 1.80 1.78 94 9.69 9.88 79.7 82.7 
Nelson R3000 103 3 2.25 3.18 11 8.36 6.86 85.4 87.3 
Nelson R3000 103 3 2.25 5.08 101 6.22 4.48 .079 82.1 
Nelson R3000 103 2 1.80 00.9 45 10.41 12.06 81.3 82.5 
Nelson R3000 103 2 1.80 2.65 127 12.65 14.42 75.9 73.9 
Nelson R3000 103 2 2.25 04.6 56 6.97 8.73 80.4 80.9 
Nelson R3000 103 2 2.25 03.2 139 9.19 10.89 81.8 84.3 
Average - - -         -          - 9.65 9.83     81.5     82.4 
Senninger LDN 138 3 1.80 1.72 26 27.22 29.38 79.4 78.8 
Senninger LDN 138 3 1.80 03.8 34 24.98 25.20 75.2 74.6 
Senninger LDN 138 3 2.25 02.2 157 20.66 18.97 82.9 83.4 
Senninger LDN 138 3 2.25 3.34 166 21.87 20.09 78.7 78.5 
Senninger LDN 138 3 2.25 4.55 198 22.90 21.33 76.6 76.9 
Senninger LDN 138 2 1.80 01.1 124 18.94 17.56 78.3 78.6 
Senninger LDN 138 2 1.80 4.41 38 21.18 21.74 74.5 76.2 
Senninger LDN 138 2 2.25 03.3 22 27.88 28.17 76.2 78.2 
Senninger LDN 138 2 2.25 2.28 56 23.66 24.59 79.6 82.2 
Senninger LDN 103 3 1.80 0.74 60 26.76 25.39 74.8 73.2 
Senninger LDN 103 3 1.80 3.53 127 22.55 23.14 68.1 70.9 
Senninger LDN 103 3 1.80 3.66 157 21.82 20.26 68.6 69.2 
Senninger LDN 103 3 2.25 2.38 210 20.24 22.46 73.9 74.3 
Senninger LDN 103 2 1.80 5.17 101 16.98 17.21 .071 68.7 
Senninger LDN 103 2 1.80 2.02 26 21.72 23.39 75.6 74.9 
Senninger LDN 103 2 2.25 4.62 30 24.66 24.45 71.4 70.5 
Senninger LDN 103 2 2.25 1.43 175 29.24 30.03 76.8 79.3 
Average - - - - - 23.00 23.15 
        
75.3     75.8 
Total average - - - - - 16.30 16.50 78.4 79.1 
MAE 1 - - - - - 1.13 1.38 
RMSE 2 - - - - - 0.08 0.02 
* Average applied water depth in each experiment (two rows of collectors in each experiment) 
1. Mean Absolute Error 
2. Root Mean Square Error 
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Table 2.  525 
 526 
 527 
Simulation case a b c a+b+c 
Wind speed (m s-1) 3.3 4.9 4.1 all 
Wind direction (º) 311 342 59 all 
Traveling path CUc (%) 87.2 84.7 85.5 85.4 
Global CUc (%) 81.3 77.6 79.2 79.1 
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Figure 6. 545 
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Figure 7. 548 
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